
生理学报 
Acta Physiologica Sinica 

ISSN 0371-0874,CN 31-1352/Q 

 

 

 

 

《生理学报》网络首发论文 

 
题目： 非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 
作者： 陈钰昕，张立波，吕雪靖，胡理 
DOI： 10.13294/j.aps.2020.0093 
收稿日期： 2020-06-30 
网络首发日期： 2020-12-28 
引用格式： 陈钰昕，张立波，吕雪靖，胡理．非侵入性电刺激神经调控技术：镇痛效果

与镇痛机制[J/OL]．生理学报. https://doi.org/10.13294/j.aps.2020.0093 

 
 
 
 
 

 
网络首发：在编辑部工作流程中，稿件从录用到出版要经历录用定稿、排版定稿、整期汇编定稿等阶

段。录用定稿指内容已经确定，且通过同行评议、主编终审同意刊用的稿件。排版定稿指录用定稿按照期

刊特定版式（包括网络呈现版式）排版后的稿件，可暂不确定出版年、卷、期和页码。整期汇编定稿指出

版年、卷、期、页码均已确定的印刷或数字出版的整期汇编稿件。录用定稿网络首发稿件内容必须符合《出

版管理条例》和《期刊出版管理规定》的有关规定；学术研究成果具有创新性、科学性和先进性，符合编

辑部对刊文的录用要求，不存在学术不端行为及其他侵权行为；稿件内容应基本符合国家有关书刊编辑、

出版的技术标准，正确使用和统一规范语言文字、符号、数字、外文字母、法定计量单位及地图标注等。

为确保录用定稿网络首发的严肃性，录用定稿一经发布，不得修改论文题目、作者、机构名称和学术内容，

只可基于编辑规范进行少量文字的修改。 

出版确认：纸质期刊编辑部通过与《中国学术期刊（光盘版）》电子杂志社有限公司签约，在《中国

学术期刊（网络版）》出版传播平台上创办与纸质期刊内容一致的网络版，以单篇或整期出版形式，在印刷

出版之前刊发论文的录用定稿、排版定稿、整期汇编定稿。因为《中国学术期刊（网络版）》是国家新闻出

版广电总局批准的网络连续型出版物（ISSN 2096-4188，CN 11-6037/Z），所以签约期刊的网络版上网络首

发论文视为正式出版。 
 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

1 

 

综述 

 

非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 
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摘 要：非侵入性神经调控技术是一种潜力巨大的非药物镇痛手段，具有经济、

易操作、安全性高等优点，已被应用于各类临床疼痛的治疗。然而，目前仍缺乏

对不同神经调控技术镇痛特性的深入理解。因此，本文从镇痛效果和镇痛机制两

个方面入手，评述非侵入性外周神经电刺激(经皮神经电刺激、经皮迷走神经电

刺激)和中枢神经电刺激(经颅直流电刺激、经颅交流电刺激)在镇痛方面的研究结

果，总结各技术对急性疼痛和慢性疼痛的常用刺激参数和镇痛效果，探讨可能的

镇痛机制。最后，本文对比和总结各技术的镇痛特点，讨论了现有研究的若干局

限和未来的研究方向。克服这些局限将促进相关技术的临床应用，最终达到帮助

患者缓解疼痛的目的，减轻疼痛对患者、其家庭和整个社会带来的健康和经济负

担。 

 

关键词：神经调控；镇痛；经皮神经电刺激；经皮迷走神经电刺激；经颅直流电

刺激；经颅交流电刺激 
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Non-invasive electrical neuromodulation techniques: analgesic 

effects and neural mechanisms 
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Abstract: As non-pharmaceutical interventions, non-invasive neuromodulation 

techniques are promising in pain management. With many advantages, such as low 

costs, high usability, and non-invasiveness, they have been exploited to treat multiple 

clinical pain. Proper use of these techniques requires a comprehensive understanding 

of how they work. In this article, we reviewed recent studies concerning non-invasive 

electrical peripheral nerve stimulation (transcutaneous electrical nerve stimulation and 

transcutaneous vagus/vagal nerve stimulation) as well as electrical central nerve 

stimulation (transcranial direct current stimulation and transcranial alternating current 

stimulation). Specifically, we discussed the oft-used stimulation parameters, the 

analgesic effects on acute and chronic pain, and the neural mechanisms underlying the 

analgesic effect of each technique. We then contrasted the four kinds of  nerve  

stimulation techniques, pointing out limitations of existing studies and proposing 

directions for future research. With more extensive and in-depth research to overcome 

these limitations, we shall witness more clinical applications of non-invasive electrical 

nerve stimulations to alleviate patients’ pain and ease the crippling medical and 

economic burden imposed on patients, their families, and the entire society.  

Key words: neuromodulation; analgesia; transcutaneous electrical nerve stimulation; 

transcutaneous vagus/vagal nerve stimulation; transcranial direct current stimulation; 

transcranial alternating current stimulation. 
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疼痛是现今社会一个重大公共卫生难题。据估计，慢性疼痛患病率高达

20%~50% [1–5]，每年给我国造成的经济损失超过数千亿人民币[6, 7]。目前，药物

是治疗慢性疼痛的主要手段之一。然而，阿片等镇痛药物存在潜在的风险，如近

年来北美地区爆发的阿片危机，每一天都夺取上百人的宝贵生命

(https://www.drugabuse.gov/drugs-abuse/opioids/opioid-overdose-crisis)。在此时代

背景下，寻找有效的非药物镇痛方法刻不容缓。 

神经调控技术是一种潜力巨大的非药物疼痛治疗方法。该方法已被应用于临

床疼痛的治疗。根据刺激电极放置过程是否有创，电刺激神经调控技术可分为侵

入性电刺激(invasive electrical stimulation, iES)和非侵入性的经皮/经颅电刺激

(transcutaneous/transcranial electrical stimulation, tES)两大类。前者包括深部脑刺

激(deep brain stimulation, DBS) [8, 9]、侵入性迷走神经电刺激(invasive vagus/vagal 

nerve stimulation, iVNS) [10, 11]、脊髓电刺激(spinal cord stimulation, SCS) [12, 13]等；

后者包括经皮神经电刺激(transcutaneous electrical nerve stimulation, TENS)[14, 15]、

经皮 /非侵入性迷走神经电刺激 (transcutaneous/non-invasive vagus/vagal nerve 

stimulation, tVNS/nVNS)[10, 16] 、经颅直流电刺激 (transcranial direct current 

stimulation, tDCS)[17, 18] 和 经 颅 交 流 电 刺 激 (transcranial alternating current 

stimulation, tACS)[19, 20]等。这两类神经调控技术都被证明有明显的镇痛作用。然

而，iES 技术存在一些明显缺陷，如电极放置位置的组织容易感染，可能发生电

极故障，维修和替换成本高等[21]，导致难以大范围推广应用。相比之下，非侵入

性神经调控电刺激因其无创、安全性高、易操作且更经济的特点，得到了越来越

多的关注。 

本文将从镇痛效果和镇痛机制两个方面入手，评述非侵入性外周神经电刺激

(TENS、tVNS)和中枢神经电刺激(tDCS、tACS)在镇痛方面的研究成果。本文将

评估这四类技术对急性疼痛和慢性疼痛的镇痛效果以及不同刺激参数对镇痛效

果的影响，并探讨其可能涉及的神经机制。在此基础上，本文对比和总结了各技

术的镇痛特点，讨论了现有研究的若干局限和未来的研究方向。 
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1 非侵入性外周神经电刺激镇痛 

1.1 TENS 

TENS 通过置于皮肤表面的电极给个体施加电刺激，进而产生镇痛作用。根

据刺激参数的不同，TENS 一般可分为高频低强度的常规 TENS (conventional 

transcutaneous electrical nerve stimulation, conventional TENS)和低频高强度的针刺

样 TENS (acupuncture-like transcutaneous electrical nerve stimulation, AL-TENS) [22]。

常规 TENS 的电极通常置于疼痛部位的同一皮节，刺激频率通常为 50~100 Hz，

所施加的电流强度不会引起疼痛，因而引起的不适感较低；而 AL-TENS 对施加

部位没有明显的限制，刺激频率通常为 1~4 Hz，所施加的电流强度常常在痛阈

之上甚至达到疼痛耐受，因而较易引起不适感和不愉悦情绪[23, 24]。两者刺激参数

的不同导致它们在镇痛效果、临床应用和镇痛机制上存在一定差异(表 1)。 

1.1.1 镇痛效果 

常规 TENS 对实验室诱发痛和部分临床慢性痛都有较好的缓解作用。

Claydon 等人通过对 29 个实验研究进行 Meta 分析发现，超过半数的研究(55%)

显示常规 TENS 可缓解机械和热刺激产生的诱发痛，且效应量为中等(0.5~0.79)

到大(0.8 以上)[25]。临床研究显示，常规 TENS 不仅能有效缓解慢性疼痛(如癌痛

[26]、慢性腰背痛[27]和原发性痛经[28])、分娩痛[29, 30]以及术后痛[31]等临床疼痛，还

有助于恢复身体机能。一般来说，常规 TENS 只有局部或节段镇痛作用，因此电

极片需要贴在患者疼痛部位附近[32]或同一皮节内[24]才有效。 

相比之下，AL-TENS具有更强的镇痛效果以及更广的镇痛范围[24]。AL-TENS

同样对实验室诱发疼痛(如热痛[33]、压痛[34]和激光诱发痛[35])以及慢性疼痛(如慢

性腰背痛[36]、纤维肌痛[37])和术后痛[31]等临床疼痛有缓解作用。不仅如此，AL-

TENS 的镇痛效果具有时间上的持续性[38]和空间上的全局性[35]。值得一提的是，

当患者对常规 TENS 产生耐受时，AL-TENS 依然可以起到镇痛作用[38]。然而，

AL-TENS 的镇痛效果似乎受到患者自身情况的影响。临床研究显示，AL-TENS

对于长期服用阿片类药物的患者没有显著的治疗效果，而只对非长期服用阿片类

药物的患者有镇痛作用，但常规 TENS 的镇痛效果不受患者是否使用阿片类药物

的影响[39]。 
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除了单独施加某类 TENS 外，也有研究考察了不同部位同时施加不同类型

TENS 即双位点刺激的镇痛效果[40]。Fujii-Abe 等研究显示，相比单纯的高强度电

刺激[(31.3 ± 5.76) V]或低强度电刺激[(22.0 ± 7.49) V)，高-低强度组合刺激下体感

诱发电位(somatosensory evoked potentials, SEPs)响应更小，且被试的疼痛强度评

分更低[41]。Claydon 等人探究了刺激频率(高/低)、刺激强度(高/低)、刺激部位

(同皮节&外皮节)6 种组合的双位刺激实验组与安慰剂组和空白对照组对实验室

诱发痛的镇痛效果是否存在差异，结果显示，同皮节和外皮节部位使用不同频率

同时进行高强度刺激的镇痛效果最好[40]，提示临床应用可采用组合刺激的方式

最大化 TENS 的镇痛效果。 

TENS 的镇痛效果还受刺激强度、刺激频率、刺激脉宽、刺激时长与使用频

率等参数的影响[24]，且不同参数之间可能存在交互作用。实验室研究显示，感觉

强烈但不致痛的刺激能够导致压痛阈限显著上升，而强度仅为触觉阈限的刺激没

有导致压痛阈限的显著改变[42]。此外，动物研究显示，高频 TENS 刺激能够减弱

大鼠的原发性痛觉过敏，且效果持续时间可达一天以上，但低频 TENS 刺激没有

这种镇痛效应，且这种现象和刺激强度以及刺激脉宽无关[43]。然而，有研究发现

当刺激强度较弱，没有达到伤害性强度时，镇痛效果可能不受刺激频率的影响，

而更可能受刺激强度的影响[44]。 

患者的疼痛类型、疼痛部位以及疼痛程度等对不同参数刺激的适用场景有所

影响。例如，分娩痛等高强度急性痛类型不宜采用 AL-TENS 这种同样会引发不

适的疼痛刺激，而适合采用常规 TENS 这种非伤害性且满意度较高的刺激[45]。对

于慢性疼痛患者来说，两种刺激方式或组合刺激都可以进行尝试，但使用频次均

不可过高，以免产生耐受性[46]。 

1.1.2 镇痛机制 

常规 TENS 的镇痛作用可通过闸门控制理论进行解释[22, 47]。该理论认为，疼

痛信息是否上传取决于传导触觉和压觉的粗纤维(Aβ纤维)与传导痛觉和温觉的

细纤维(Aδ和 C 纤维)的相对激活量。Aβ纤维倾向于首先激活脊髓背角中间神经

元胶状质(substantia gelatinosa, SG)细胞，进而抑制二级神经元 T 细胞的激活，阻

止疼痛信息的上传；而 Aδ和 C 纤维倾向于抑制 SG 细胞，进而激活二级神经元
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T 细胞，促进疼痛信息的上传。常规 TENS 的强度通常强而不痛，基本不激活 Aδ

和 C 纤维，但却会激活 Aβ纤维[48]，因而可抑制疼痛信息的传导，起到镇痛作用。

实证研究也证明了常规 TENS 的镇痛机制确实与闸门控制理论有关，如动物研究

显示，高频低强度的 TENS 可以显著抑制多数脊髓背角神经元的自发放电，而施

加低频高强度 TENS 则没有这种效应[49]。  

AL-TENS 的镇痛机制与常规 TENS 有所不同。通常认为，AL-TENS 镇痛和

弥漫性伤害抑制控制(diffuse noxious inhibitory controls, DNIC)产生的现象相似[50]，

均和疼痛下行抑制系统[51]有关。从脑电(electroencephalograhy, EEG)实验结果来

看，AL-TENS 可以引起疼痛刺激对侧感觉运动区的 alpha 振荡信号(8~12 Hz)持

续增高，且该改变会增加感觉运动区和前额叶(prefrontal cortex, PFC)区域的功能

连接，而 PFC 与中脑导水管周围灰质(periaqueductal gray, PAG)存在纤维投射[35]，

此结果和DNIC诱发镇痛效应时多皮层区域投射至PAG的结果相匹配[52]。此外，

感觉运动区和 PFC 连接的增加可能会通过内侧前额叶(medial prefrontal cortex, 

mPFC)到视网膜下背核(subnucleus reticularis dorsalis, SRD)的环路增强疼痛的下

行抑制系统活动[35]。该系统包括 PFC、初级体表感觉皮层(primary somatosensory 

cortex, S1)和初级运动皮层(primary motor cortex, M1)等皮层上结构，以及 PAG 和

延脑头端腹内侧区(rostral ventral medulla, RVM)等皮层下结构。具体来说，PAG

区域的谷氨酸能神经元的激活促进了RVM区域的 5-羟色胺(5-hydroxytryptamine, 

5-HT)能神经元向脊髓背角释放 5-HT，进而促进脊髓背角中间神经元释放脑啡肽

(enkephalin)和强啡肽(dynorphin)等内源性阿片物质，从而抑制脊髓背角伤害性信

息的传递。研究结果也支持了疼痛下行抑制系统在 AL-TENS 镇痛中的作用。低

频 TENS 不仅可以诱发阿片系统激活带来的脊髓 5-HT 释放[53]，且当阻断脊髓或

RVM 的μ阿片受体时，低频 TENS 的镇痛作用受阻[54, 55]。 

1.2 tVNS 

tVNS 通过激活迷走神经系统而起到镇痛作用[56]。其根据刺激位点不同，

tVNS 可分为刺激颈部前外侧皮肤的颈部迷走神经电刺激(transcutaneous cervical 

vagus/vagal nerve stimulation, tcVNS)和刺激左耳耳甲腔或耳珠的耳部迷走神经电

刺激(transcutaneous auricular vagus/vagal nerve stimulation, taVNS)。目前，tVNS 已
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被证明具有良好的安全性和耐受性[57]，可用于治疗偏头痛[58, 59]和丛集性头痛[60] 

(表 1)。 

1.2.1 镇痛效果 

目前针对 tVNS缓解实验室诱发疼痛的研究较少，且研究结果不一致。例如，

Busch 等发现使用频率为 20~30 Hz，脉宽为 250 μs 的方波 taVNS 对耳珠施加 65 

min 痛阈下强度的刺激，可以显著降低双侧手的持续性热痛评分以及同侧手的机

械痛敏感性，但是对于非疼痛刺激的探测阈限(如冷探测阈限、温探测阈限和机

械探测阈限等)没有显著的影响[61]；De Icco 等发现频率为 25 Hz、强度为能引起

同侧眼轮匝肌收缩的 tcVNS 刺激可以显著提高能引起下肢疼痛缩足反射的刺激

阈值，而且这种效应可以延续到刺激结束后 30 min [62]。然而，Usichenko 等却发

现，对耳甲腔施加频率为 8 Hz、脉宽为 200 μs 的电刺激未能改变热痛阈限；进

一步的亚组分析发现，耳甲腔刺激干预组 20 名被试中只有 8 人的后测热痛阈限

显著高于前测，剩下 12 人的后测热痛阈限低于前测[63]。这一结果提示 taVNS 的

镇痛作用可能和个体易感性有关[63]。 

目前 tVNS 的临床镇痛研究主要局限于头痛领域，很少涉及其他临床疼痛类

型。Lendvai 等人总结了 2014~2018 年应用 tcVNS 治疗偏头痛和丛集性头痛的临

床研究，发现 tcVNS 是一种治疗原发性头痛的安全手段，能够有效地降低丛集

性头痛的发病率并减少发病时长，但是可能在偏头痛亚群体类型的应用中有偏向

性[64]。tcVNS 临床使用的刺激参数相对固定，通常为持续 1 ms 的 5 kHz 正弦波

脉冲(5 个正弦波，每个持续 200 μs)，脉冲频率为 25 Hz，产生 24 V 峰值电压和

60 mA 峰值输出电流[65–69]。taVNS 同样也被应用于治疗偏头痛[59]。Straube 等发

现每天 4 h 的 1 Hz 电刺激可减少头痛频率，且这一刺激的效果好于 25 Hz 的刺

激。此外，taVNS 也曾被应用于治疗盆骨痛[70]和慢性腰背痛[71]，但是目前相关研

究数量较少。总的来说，tVNS 目前在头痛领域的应用已较为成熟，在其他疼痛

类型的应用则有待进一步的研究。 

1.2.2 镇痛机制 

刺激迷走神经颈支或刺激迷走神经耳支均可有效引导自主神经系统功能从

交感神经系统优势转向副交感神经系统优势[52, 72]。研究显示，30 Hz 的 taVNS 可
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以显著降低健康志愿者心电低频能量和高频能量的比率 (low frequency 

power/high frequency power, LF/HF)[73]，该指标的降低表明自主神经活动向副交

感/迷走神经系统支配的方向移动[72]，而迷走神经系统参与了情绪的表达和相关

信息处理[74]，说明激活迷走神经系统时存在调控情绪的可能。同时，脑影像研究

也表明，tVNS 能够显著地影响处理和调节情绪相关信息的部分脑区的活动。例

如，经过 tVNS 后杏仁核、海马、旁海马回、颞中回和颞上回活性下降，脑岛、

M1 和丘脑活性增加[75]。因此，Frangos 等人推测 tVNS 可能是通过调控负性情绪

调节了疼痛的不愉悦度，进而影响总体疼痛评价[76]。  

tVNS 还可能直接影响了疼痛信息的传递与处理。tVNS 可能阻断了脊髓二级

投射神经元对疼痛信息的传递[61]。Chandler 等将迷走神经刺激电极缠绕在猕猴的

迷走神经左侧颈动脉分支，并把记录电极放置在脊髓颈段和胸段，发现迷走神经

电刺激可以抑制脊髓颈段和胸段的脊髓丘脑束中的细胞活性[77]。EEG 研究显示，

25 Hz 的 tcVNS 会引起 Cz 电极处 theta 频段的能量下降和 beta 频段的能量上升，

以及 Oz 电极处 alpha 频段的能量下降和 gamma 频段的能量上升[78]。针对这一结

果，作者认为 gamma 频段能量的上升可能反映了 tVNS 对γ-氨基丁酸能(γ-

aminobutyric acid, GABA)抑制性中间神经元活动的影响[78]。 

除此之外，tVNS 也可能通过部分脊髓上组织调控疼痛。从迷走神经耳支和

颈支解剖投射来看，迷走神经可以投射到延髓段的三叉神经核、楔形核、孤束核

以及疑核等区域[79,80]，而其中的三叉神经核与头面部的疼痛信息传递有关[81]，楔

形核与疼痛信息的评价有关[82]，因此 tVNS 可能会在这些区域对疼痛信息的传递

产生影响。从大脑的激活情况来看，电刺激迷走神经耳支可以激活 PAG、孤束核、

中缝核、脑岛和杏仁核等脑区[83, 84]；刺激迷走神经颈支则可以激活孤束核、臂旁

核、S1、脑岛以及基底神经节和额叶等区域[85]。值得注意的是，PAG、孤束核和

中缝核是内源性疼痛下行调节系统的重要组成部分[86, 87]。综上，这些结果说明

tVNS 不仅可以激活疼痛下行调节系统[88]，还可能通过调节疼痛情绪来实现对疼

痛的调控[61]。 

 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

9 

 

2 非侵入性中枢神经电刺激镇痛 

2.1 tDCS 

tDCS 通过使用两个或多个电极向特定大脑区域施加直流电刺激而改变其兴

奋性，进而调节相应区域的活动，起到缓解疼痛的作用[89, 90]。按电极分布的不同，

tDCS 可分为三大类：双极 tDCS (bipolar/bicephalic tDCS) ，单极 tDCS 

(monopolar/monocephalic tDCS)和高精度 tDCS (high-definition tDCS, HD-tDCS) 
[91]。双极 tDCS 将两个面积较大的电极置于头皮上，其中一个位于刺激的目标位

置，称为刺激电极(active electrode)，另一个位于其它部位，称为返回电极(return 

electrode)；单极 tDCS 同样使用面积较大的刺激电极和返回电极，但返回电极不

在头皮上，而在项部、肩、手臂或膝等部位；HD-tDCS 一般包含多个置于头皮的

面积较小的电极，通常其中一个或多个为刺激电极，而其它为返回电极[91, 92]。疼

痛研究中常用的 HD-tDCS 分为包含 1 个刺激电极和 4 个返回电极的 1 × 4 HD-

tDCS [93, 94]以及包含两个刺激电极和两个返回电极的 2 × 2 HD-tDCS [95]两种。目

前，这几种 tDCS 在镇痛领域都有所应用，且镇痛效果都已得到一定程度的证实

[96–101] (表 2)。 

2.1.1 镇痛效果 

目前，tDCS 在缓解急性疼痛和慢性疼痛方面均存在大量研究。虽然有一些研

究对 tDCS 的镇痛效果存在质疑[102–106]，但多数结果仍然支持 tDCS 对急性痛和

慢性痛都有明显的镇痛作用[96–101]。研究显示，tDCS 可调节实验室诱发疼痛(如

热痛[100]、冷痛[107]、压痛[108]和机械痛[109])，临床急性疼痛(如术后痛[110])和多种慢

性痛(如肌纤维痛[111]、慢性下腰痛[112]、偏头痛[113]、脊髓损伤导致的神经病理性

疼痛[114]、膝骨关节痛[115]、患肢痛[116, 117]和复杂性局部疼痛综合征[118])。目前已

有多项 Meta 分析研究总结了 tDCS 对慢性疼痛的镇痛效果[119–124]。结果显示，

tDCS 对不同慢性疼痛的镇痛作用存在较大的异质性，平均效应量在 0.17~1.90 之

间，但总的来看，tDCS 能有效缓解慢性疼痛。 

tDCS 刺激效果可能受到刺激强度、电极面积、刺激时长、电极位置、电极极

性等参数的调节[91, 92]，而不同研究选取的参数往往存在较大的差异。多数研究使

用的电流强度为 2 mA，电极面积为 35 cm2，它们所施加刺激的电流密度约为
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0.057 mA/cm2。研究显示，0.03 mA/cm2 的电流密度即可改变 M1 的兴奋性[125]。

虽然理论上电流密度能影响刺激的效果[91, 92]，但绝大多数 tDCS 镇痛的研究只采

用单一的电流强度和电极面积，因而缺乏足够的研究检验电流密度对 tDCS 镇痛

作用的影响。 

不同研究选取的刺激时长也各有不同。对于只施加 1 次刺激的研究，5~40 min 
[126–133]的刺激均有使用，最常见的刺激时长是 20 min。对于施加多次刺激的研究，

最常见的是施加 5 次 20 min 刺激，每天施加 1 次刺激。刺激时长对 tDCS 的效果

有很大的影响。有研究显示，3 min 以上的刺激才可显著改变 M1 的兴奋性[125]。

正因如此，多数研究使用几十秒的短暂刺激作为对照条件以排除安慰剂效应对研

究结果的干扰。不过，单次刺激时间过长还可能导致皮层兴奋性下降[134]。因此，

为延长刺激效果，研究者通常采用多次刺激，而非延长单次刺激时长[91]。值得注

意的是，相比常采用多次刺激调节慢性疼痛的临床研究，针对实验室诱发疼痛的

tDCS 研究多采用单次刺激[105, 131]——这可能是导致 tDCS 缓解实验室诱发疼痛

的效果比缓解临床疼痛的效果略差的原因之一。然而，现有的研究较少对比刺激

时长对镇痛效果的影响，更明确的结论尚待未来进一步探索。 

电极位置决定了刺激作用的部位，因此是影响 tDCS 镇痛机制的关键因素。

现有 tDCS 镇痛研究多将刺激电极置于 M1，返回电极则置于对侧眼眶上部，分

别对应脑电电极帽 C3/C4 和 Fp2/Fp1 电极。其它常见的刺激电极位置包括背外侧

前额叶(dorsal lateral prefrontal cortex, dlPFC)[100]、背侧前扣带回(dorsal anterior 

cingulate cortex, dACC)[103]、S1[135]等；返回电极则可置于乳突[103, 107, 136]或刺激电

极对侧相应位置[137]。 

电极极性是刺激部位兴奋性变化的决定性因素。通常认为，阳极刺激能够提

高相应部位的兴奋性，而阴极刺激则抑制兴奋性[91, 92]。功能磁共振成像(functional 

magnetic resonance imaging, fMRI)研究也发现，对 M1 施加阳极刺激能够抑制疼

痛相关脑区的活动，且具有明显的镇痛效果[104]。然而，对 M1 施加阴极刺激的

镇痛效果仍有很大的争议[104, 109, 138]。此外，也有一些研究发现对 dlPFC 施加阴

极刺激可以在一定程度上缓解疼痛[107]。这也提示 tDCS 的极性选择与刺激脑区

之间存在一定的交互[93]，且 tDCS 的镇痛效果受到其它因素的影响。 
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2.1.2 镇痛机制 

通常认为，tDCS 的作用机制是电流通过大脑组织时改变了神经细胞的兴奋

性[89, 91, 92]。tDCS 使用的电流强度较弱，一般不会引起动作电位[139]，而只改变神

经细胞的静息膜电位，进而调节神经细胞的兴奋性[89, 91, 92]。膜电位的变化是 tDCS

即时调节效应的生理基础[92]。阳极刺激会导致神经细胞膜去极化，进而增加兴奋

性；阴极刺激导致神经细胞膜超极化，进而抑制兴奋性[140]。不过，细胞膜电位

的变化难以解释 tDCS 刺激停止后的后续效用，如刺激结束后几个星期镇痛效应

依然存在[141]。这一后续效应可能与神经递质活动调节了突触的连接强度有关

[91,92]。研究显示，谷氨酸 NMDA 受体激动剂 D-环丝氨酸(D-Cycloserine)可延长

tDCS 对 M1 兴奋性的影响[142]，GABA 受体激动剂劳拉西泮(lorazepam)则可在短

时增强和延长 tDCS 的后续效应[143]。 

除了对刺激部位局部活动进行调节外，tDCS 还具有网络效应[91, 92]，能改变

不同脑区之间的结构和功能连接[106, 144]。Lin 等研究显示，使用 35 cm2 的电极对

健康人左侧 dlPFC 施加 20 min 强度为 1 mA 的阳极刺激可缓解辣椒素诱发的长

时疼痛，并且此镇痛作用与左侧 dlPFC-左侧丘脑连接束的各向异性分数显著相

关[144]。这意味着 tDCS 的镇痛作用与左侧 dlPFC 和左侧丘脑的结构连接有关。

Cummiford 等则研究显示，相较于 30 s 的对照刺激，对左侧 M1 施加 5 次、每次

20 min 的阳极刺激可降低纤维肌痛病人左侧腹外侧丘脑与内侧前额叶和左侧辅

助运动区的功能连接，以及右侧腹外侧丘脑与小脑和左侧辅助运动区的功能连接

[106]，而这些区域在疼痛加工和调节中起着重要作用。 

需注意的是，tDCS 镇痛机制的研究依然不充分。多数研究旨在检验 tDCS 是

否可缓解某种疼痛，只有少数研究利用 EEG [145]、fMRI [106, 144]和磁共振波谱[96, 

146, 147]对 tDCS 镇痛的神经生理机制进行了研究。不仅如此，常用的双极 tDCS 聚

焦性较差，除了激活靠近刺激电极的脑区外，还可能激活其它区域，而且返回电

极处的刺激也可能产生某种生理影响，因此在推断 tDCS 镇痛机制时需谨慎[148]。

单极 tDCS 和 HD-tDCS 的聚焦性比双极 tDCS 好，但它们的使用不如双极 tDCS

频繁[91, 92]，相应的机制研究也极少。未来可更多利用这两类聚焦性较好的 tDCS

技术研究其镇痛机制。 
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2.2 tACS 

tACS 通过向大脑施加振幅和频率固定的正弦交流电流刺激来改变神经振荡

信号[149, 150]，进而调节疼痛强度[19, 20]。tACS 使用的设备和 tDCS 基本相同。tACS

区别于其它经颅电刺激的关键因素是施加刺激的特性：与 tDCS 相比，tACS 施

加的是正弦交流电刺激，而非强度固定的直流电刺激；与经颅随机噪声刺激

(transcranial random noise stimulation, tRNS)相比，tACS 施加的是频率固定的刺

激，而非频率随机变化的刺激[151]。目前针对 tACS 镇痛方面的研究较少[19, 20, 152, 

153]，其镇痛效果和镇痛机制的研究尚在起步阶段(表 2)。 

2.2.1 镇痛效果 

tACS 缓解实验室诱发痛的效果存在一定争议。Arendsen 等探究了 tACS 调

节压痛的可能性[20]。他们使用条件性学习范式，让不同视觉图形和压痛进行配对。

结果显示，当视觉图形无法预测之后的压痛强度时，相较于 tRNS，对躯体感觉

区(脑电电极帽上的 CP3 和 CP4 电极)施加振幅为 0.5 mA、频率为 10 Hz 的 tACS

可降低对压痛的强度和不愉悦度评分，但经过多重比较校正后便不再具有统计学

意义。May 等考察了对初级躯体感觉区和前额叶施加 10 min 振幅为 0.5 mA 的 10 

Hz 或 80 Hz 刺激是否可调节长时热痛，但没有发现这两类刺激可改变疼痛强度

评分[153]。因此，tACS 可调节急性痛的结论依旧缺乏充分的证据，后续需开展更

多相关研究。 

tACS 缓解慢性疼痛的研究也十分少见。Angelakis 等报告了一个 tACS 缓解

难治型特发性颈部肌张力障碍导致的疼痛的案例，该案例显示 15 Hz 的 tACS 可

以有效减少患者的疼痛评分，且这种效用能够延续到刺激结束 30 天之后[152]。此

外，Ahn 等开展了 tACS 缓解慢性下腰痛的随机双盲对照实验[19]。结果显示，在

脑电电极帽 F3 和 F4 电极施加 40 min 振幅为 1 mA、频率为 10 Hz 的 tACS 可降

低慢性下腰痛病人的疼痛强度。不仅如此，tACS 刺激还增强了躯体感觉区附近

电极的 alpha 振荡信号强度，并且这种 alpha 振荡信号的增强还与疼痛强度下降

显著相关。因此，tACS 可能对缓解慢性疼痛有一定作用，但未来仍需更多研究

对此进行进一步验证。 
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2.2.2 镇痛机制 

tACS 的主要作用机制在于外在施加的特定频率交流电诱发大脑产生相应频

率的神经振荡信号[149, 154]。具体而言，自发的神经振荡信号与外部施加的特定频

率电刺激发生神经同步化(neural entrainment)，进而导致自发神经振荡信号的频

率向外部刺激频率偏移，相应频率的振幅增强、相位和外部刺激同步[155]。这一

现象与外部刺激的频率和需调节的目标振荡信号的频率之间的差有关：频率差越

大，神经同步的效果越差[156]。不过，tACS 也可对刺激频率的谐波起到一定的调

节作用[156]。例如，10 Hz 的 tACS 刺激可调节 20 Hz 和 30 Hz 等频率的神经振荡

信号。由于施加电流的方向不断反转，tACS 对神经元膜电位的影响也不断变化。

在这一过程中，神经元细胞膜在超极化和去极化之间快速转换。这种细胞膜的快

速变化可能调节了神经元神经冲动发放的时间模式(timing)和频率(firing rates)，

最终引发神经同步化[154]。脑电研究证实了 tACS 对神经振荡信号的调节作用不

仅在 tACS 刺激时存在[157]，在刺激结束后也依然存在[19, 158]，即 tACS 对神经振

荡的调节不仅存在即时效应，也存在后续效应。有研究显示，20 min 的 alpha 频

段刺激效果可持续 70 min [159]。然而，神经同步化的效果在撤除外部刺激后无法

长久持续。tACS 的持续性后效依赖于长时程增强(long-term potentiation, LTP)和

长时程抑制(long-term depression, LTD)等神经可塑性的变化[156]。 

由于神经同步化效果和内源性神经振荡信号相关，镇痛研究中选取的刺激频

率是与疼痛加工密切相关的神经振荡信号对应的频率，如 alpha 和 gamma 神经

振荡信号[160–167]。研究显示，疼痛刺激之前的 alpha 和 gamma 频段的神经振荡信

号调节个体对疼痛刺激的感知[162]，并且疼痛刺激之后 alpha 频段神经振荡信号

会减弱，而 gamma 频段的神经振荡信号会增强[164]。值得关注的是，gamma 频段

的神经振荡信号不受刺激新异性(saliency)的影响，而是反映了个体对疼痛强度的

感知，且可编码个体内和个体间的疼痛敏感性[161, 166]。这意味着 tACS 具有调节

疼痛感知的理论基础。遗憾的是，目前仍缺乏揭示 tACS 镇痛机制的直接证据。

不过，Ahn 等关于 tACS 对 alpha 振荡信号的增强作用与其镇痛作用存在显著相

关的发现，在一定程度上支持了 tACS 通过调节神经振荡信号从而调节疼痛感知

的假设[19]。未来仍需更多研究探索 tACS 的疼痛调节作用和疼痛调节机制，尤其
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是 gamma 频段 tACS 刺激对疼痛的影响。值得注意的是，gamma 频段涵盖范围

较广，刺激时需考虑哪一频率或频率范围的刺激可调节疼痛。May 等的研究虽然

没有发现 gamma 频段刺激对疼痛的调节作用[153]，但只选取了 80 Hz 一个频率，

其它频率的刺激对疼痛的影响仍有待研究。 

 

3 总结与展望 

本文探讨了非侵入性外周电刺激(TENS、tVNS)和中枢电刺激(tDCS、tACS)

的镇痛作用，并讨论了它们各自的镇痛机理。从镇痛效果来看，TENS 镇痛的相

关研究已相对成熟，已应用于多种临床急性和慢性疼痛的治疗；tVNS 主要用于

治疗头痛，且实验结果一致性较高；tDCS 具有全局镇痛的优点，但目前仍难以

明确各类型疼痛的优化刺激脑区；tACS 的镇痛效果仅在个别研究中得到了证实，

未来仍需要进一步探索。 

从镇痛机制来看，四项刺激技术存在明显差异：常规 TENS 镇痛与脊髓处的

闸门控制机制相关，AL-TENS 则与弥漫性伤害抑制控制机制有关；tVNS 抑制疼

痛信息传递，激活疼痛下行调节系统，并可能通过调节疼痛情绪来镇痛；tDCS 改

变了皮层兴奋性，调节相关神经递质的释放，并影响了与疼痛加工和调节相关的

脑区的结构和功能连接；tACS 可能通过调节疼痛相关神经振荡信号改变个体的

疼痛感知。 

然而，神经调控电刺激技术的相关研究仍存在若干不足之处。这些局限可能

是产生研究结果不一致、临床应用困难等问题的重要原因。首先，多数研究的样

本量较小，每个组别的人数通常为 30 人以下。由于疼痛评分的主观性特点，个

体内的疼痛感受变异性和个体间的疼痛敏感性差异以及神经电刺激的镇痛效果

的个体差异都较大，在此条件下，样本量有限的研究可能导致研究结果的稳定性

较差，无法可靠地揭示非侵入性神经电刺激的真实镇痛效果。未来的研究有必要

逐步开展大样本、多中心的大规模研究，以检验神经电刺激镇痛效果的稳定性和

可靠性。与此同时，应注意区分神经电刺激镇痛响应者(responder)和非响应者

(non-responder)，探索响应者的预测因子，以进一步提高非侵入性神经电刺激的

临床应用价值。 
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其次，目前对神经电刺激镇痛效果的研究仍不够充分、不够深入。具体而言， 

tVNS 研究过于局限于头痛领域，对其它疼痛类型的关注不足；tDCS 研究使用的

参数较为单一，刺激参数对镇痛效果的影响不甚明确；tACS 镇痛研究尚处在起

步阶段。未来有必要全面考察刺激参数对镇痛效果的调节作用，研究神经电刺激

对不同疼痛类型镇痛效果的差异。 

再次，神经电刺激镇痛机制仍待进一步研究。tVNS、tDCS 和 tACS 的镇痛

机制不完全清晰，对镇痛机制的理解依赖于与以往其他镇痛领域发现的镇痛环路

进行比较，缺乏实质性证据。同时由于部分实验设计未设置安慰剂组，只考察了

电刺激神经调控前后疼痛指标的变化，因此无法排除安慰剂效应的影响。未来可

以通过跨物种研究，整合微观神经元放电和神经递质释放以及宏观脑响应信号和

躯体神经系统信号变化，同时通过对多实验组和安慰剂组进行量表测量或行为实

验来探索相关心理因素改变，从而揭示各神经调控手段较为全面的镇痛环路。 

最后，目前对不同技术组合镇痛效果的评估不足，也较少考虑神经电刺激和

镇痛药物的交互作用。已有的研究侧重于检验某一项技术的镇痛效果和镇痛机制，

但大多忽视了不同神经电刺激组合应用镇痛的可能性。考虑到不同外周电刺激和

中枢电刺激镇痛机制的差异，整合不同技术可能会增强镇痛效果。另一方面，临

床疼痛或慢性疼痛患者通常会服用镇痛药物。神经电刺激和镇痛药物的镇痛机理

存在一定的共同点，因而它们之间可能存在交互作用。揭示神经电刺激和镇痛药

物的复杂相互作用对这两种镇痛方式的选择都有极大的实用价值。 

综上所述，克服这些局限将有力推动非侵入性神经电刺激镇痛领域的发展，

促进相关技术的临床应用，最终缓解患者的疼痛，减轻疼痛对患者、家庭和整个

社会的健康和经济负担。 

 

参考文献 

1  Breivik H, Collett B, Ventafridda V, Cohen R, Gallacher D. Survey of chronic pain in Europe: 

prevalence, impact on daily life, and treatment. Eur J Pain 2006; 10(4): 287–287. 

2  Chen B, Li L, Donovan C, Gao Y, Ali G, Jiang Y, Xu T, Shan G, Sun W. Prevalence and 

characteristics of chronic body pain in China: A national study. SpringerPlus 2016; 5(1): 938. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

16 

 

3  Elzahaf RA, Tashani OA, Unsworth BA, Johnson MI. The prevalence of chronic pain with an 

analysis of countries with a Human Development Index less than 0.9: A systematic review 

without meta-analysis. Curr Med Res Opin 2012; 28(7): 1221–1229. 

4  Fayaz A, Croft P, Langford RM, Donaldson LJ, Jones GT. Prevalence of chronic pain in the 

UK: A systematic review and meta-analysis of population studies. BMJ Open 2016; 6(6): 

e010364. 

5  Johannes CB, Le TK, Zhou X, Johnston JA, Dworkin RH. The prevalence of chronic pain in 

United States adults: results of an internet-based survey. J Pain 2010; 11(11): 1230–1239. 

6  Yu S, Liu R, Zhao G, Yang X, Qiao X, Feng J, Fang Y, Cao X, He M, Steiner T. The prevalence 

and burden of primary headaches in China: A population-based door-to-door survey. Headache 

J Head Face Pain 2011; 52(4): 582–591. 

7  Zhang F, Xiang W, Li C, Li S. Economic burden of irritable bowel syndrome in China. World 

J Gastroenterol 2016; 22(47): 10450–10460. 

8  Falowski SM. Deep brain stimulation for chronic pain. Curr Pain Headache Rep 2015; 19(7): 

1–4. 

9  Rasche D, Rinaldi PC, Young RF, Tronnier VM. Deep brain stimulation for the treatment of 

various chronic pain syndromes. Neurosurg Focus 2006; 21(6): E8. 

10  Chakravarthy K, Chaudhry H, Williams K, Christo PJ. Review of the uses of vagal nerve 

stimulation in chronic pain management. Curr Pain Headache Rep 2015; 9(12): 54. 

11  Hord ED, Evans MS, Mueed S, Adamolekun B, Naritoku DK. The effect of vagus nerve 

stimulation on migraines. J Pain 2003; 4(9): 530–534. 

12  Cameron T. Safety and efficacy of spinal cord stimulation for the treatment of chronic pain: A 

20-year literature review. J Neurosurg 2004; 100(3): 254–267. 

13  Geurts JW, Joosten EA, van Kleef M. Current status and future perspectives of spinal cord 

stimulation in treatment of chronic pain. Pain 2017; 158(5): 771–774. 

14  Koke AJA, Schouten J, Lamerichs-Geelen MJH, Lipsch JSM, Waltje EMH, van Kleef M, 

Patijn J. Pain reducing effect of three types of transcutaneous electrical nerve stimulation in 

patients with chronic pain: A randomized crossover trial. Pain 2004; 108(1–2): 36–42. 

15  Nnoaham KE, Kumbang J. Transcutaneous electrical nerve stimulation (TENS) for chronic 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

17 

 

pain. Cochrane Database Syst Rev 2014; (7): CD003222. 

16  Barbanti P, Grazzi L, Egeo G, Padovan AM, Liebler E, Bussone G. Non-invasive vagus nerve 

stimulation for acute treatment of high-frequency and chronic migraine: An open-label study. 

J Headache Pain 2015; 16(61): 1–5. 

17  Knotkova H, Soto E, Leuschner Z, Greenberg A, Stock V, Das D, Cruciani R. Transcranial 

direct current stimulation (tDCS) for the treatment of chronic pain. J Pain 2013; 14(4): S64. 

18  Lefaucheur J-P, Antal A, Ahdab R, de Andrade DC, Fregni F, Khedr EM, Nitsche M, Paulus 

W. The use of repetitive transcranial magnetic stimulation (rTMS) and transcranial direct 

current stimulation (tDCS) to relieve pain. Brain Stimulat 2008; 1(4): 337–344. 

19  Ahn S, Prim JH, Alexander ML, McCulloch KL, Fröhlich F. Identifying and engaging neuronal 

oscillations by transcranial alternating current stimulation in patients with chronic low back 

pain: A randomized, crossover, double-blind, sham-controlled pilot study. J Pain 2019; 20(3): 

277.e1-277.e11. 

20  Arendsen LJ, Hugh-Jones S, Lloyd DM. Transcranial alternating current stimulation at alpha 

frequency reduces pain when the intensity of pain is uncertain. J Pain 2018; 19(7): 807–818. 

21  Spuck S, Tronnier V, Orosz I, Schoenweiler R, Sepehrnia A, Nowak G, Sperner J. Operative 

and technical complications of vagus nerve stimulator implantation. Neurosurgery 2010; 67(2): 

489–494. 

22  Mokhtari T, Ren Q, Li N, Wang F, Bi Y, Hu L. Transcutaneous electrical nerve stimulation in 

relieving neuropathic pain: Basic mechanisms and clinical applications. Curr Pain Headache 

Rep 2020; 24(4): 1–14. 

23  Ottoson D, Lundeberg T. Transcutaneous Electrical Nerve Stimulation. Verlag Berlin 

Heidelberg, 1988. 

24  Tang ZY(汤征宇), Wang HQ, Xia XL, Tang Y, Peng WW, Hu L. Mechanisms and applications 

of transcutaneous electrical nerve stimulation in analgesia. Acta Physiol Sin (生理学报) 2017; 

69(3): 325–334 (in Chinese with English abstract) 

25  Claydon LS, Chesterton LS, Barlas P, Sim J. Dose-specific effects of transcutaneous electrical 

nerve stimulation (TENS) on experimental pain: A systematic review. Clin J Pain 2011; 27(7): 

635–647. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

18 

 

26  Searle RD, Bennett MI, Johnson MI, Callin S, Radford H. Transcutaneous electrical nerve 

stimulation (TENS) for cancer bone pain. J Pain Symptom Manage 2009; 37(3): 424–428. 

27  Jarzem PF, Harvey EJ, Arcaro N, Kaczorowski J. Transcutaneous electrical nerve stimulation 

TENS for short-term treatment of low back pain-randomized double blind crossover study of 

sham versus conventional TENS. J Musculoskelet Pain 2005; 13(2): 11–17. 

28  Wang SF, Lee JP, Hwa HL. Effect of transcutaneous electrical nerve stimulation on primary 

dysmenorrhea. Neuromodulation 2009; 12(4): 302–309. 

29  Santana LS, Silva Gallo RB, Jorge Ferreira CH, Duarte G, Quintana SM, Marcolin AC. 

Transcutaneous electrical nerve stimulation (TENS) reduces pain and postpones the need for 

pharmacological analgesia during labour: A randomised trial. J Physiother. 2016; 62(1): 29–

34. 

30  van der Spank JT, Cambier DC, De Paepe HMC, Danneels LAG, Witvrouw EE, Beerens L. 

Pain relief in labour by transcutaneous electrical nerve stimulation (TENS). Arch Gynecol 

Obstet 2000; 264(3): 131–136. 

31  Bjordal JM, Johnson MI, Ljunggreen AE. Transcutaneous electrical nerve stimulation (TENS) 

can reduce postoperative analgesic consumption. A meta-analysis with assessment of optimal 

treatment parameters for postoperative pain. Eur J Pain 2003; 7(2): 181–188. 

32  Bergeron-Vezina K, Leonard G. On ‘What makes transcutaneous electrical nerve stimulation 

work? ...’ Sluka KA, Bjordal JM, Marchand S. Rakel BA. Physical Therapy 2013; 93: 1397–

1402. Phys Ther 2013; 93(10): 1426–1427. 

33  Tousignant-Laflamme Y, Brochu M, Dupuis-Michaud C, Page C, Popovic D, Simard ME. 

Duration of analgesia induced by acupuncture-like TENS on experimental heat pain. ISRN 

Pain 2013; 2013: 792383. 

34  Lazarou L, Kitsios A, Lazarou I, Sikaras E, Trampas A. Effects of intensity of transcutaneous 

electrical nerve stimulation (TENS) on pressure pain threshold and blood pressure in healthy 

humans. Clin J Pain 2009; 25(9): 773–780. 

35  Peng WW, Tang ZY, Zhang FR, Li H, Kong YZ, Iannetti GD, Hu L. Neurobiological 

mechanisms of TENS-induced analgesia. NeuroImage 2019; 195(15): 396–408. 

36  Gadsby JG, Flowerdew MW. Transcutaneous electrical nerve stimulation and acupuncture-like 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

19 

 

transcutaneous electrical nerve stimulation for chronic low back pain. Cochrane Database Syst 

Rev 2000; (2): CD000210. 

37  Johnson MI, Claydon LS, Herbison GP, Jones G, Paley CA. Transcutaneous electrical nerve 

stimulation (TENS) for fibromyalgia in adults. Cochrane Database Syst Rev 2017; (10): UNSP 

CD012172. 

38  Francis RP, Marchant PR, Johnson MI. Comparison of post-treatment effects of conventional 

and acupuncture-like transcutaneous electrical nerve stimulation (TENS): A randomised 

placebo-controlled study using cold-induced pain and healthy human participants. Physiother 

Theory Pract 2011; 27(8): 578–585. 

39  Leonard G, Cloutier C, Marchand S. Reduced analgesic effect of acupuncture-like TENS but 

not conventional TENS in opioid-treated patients. J Pain 2011; 12(2): 213–221. 

40  Claydon LS, Chesterton LS, Barlas P, Sim J. Effects of simultaneous dual-site TENS 

stimulation on experimental pain. Eur J Pain 2008; 12(6): 696–704. 

41  Fujii-Abe K, Umino M, Fukayama H, Kawahara H. Enhancement of analgesic effect by 

combination of non-noxious stimulation and noxious stimulation in humans. Pain Pract 2016; 

16(2): 141–147. 

42  Moran F, Leonard T, Hawthorne S, Hughes CM, McCrum-Gardner E, Johnson MI, Rakel BA, 

Sluka KA, Walsh DM. Hypoalgesia in response to transcutaneous electrical nerve stimulation 

(TENS) depends on stimulation intensity. J Pain 2011; 12(8): 929–935. 

43  Gopalkrishnan P, Sluka KA. Effect of varying frequency, intensity, and pulse duration of 

transcutaneous electrical nerve stimulation on primary hyperalgesia in inflamed rats. Arch 

Phys Med Rehabil 2000; 81(7): 984–990. 

44  Chen CC, Johnson MI. An investigation into the effects of frequency-modulated 

transcutaneous electrical nerve stimulation (TENS) on experimentally-induced pressure pain 

in healthy human participants. J Pain 2009; 10(10): 1029–1037. 

45  Chao AS, Chao A, Wang TH, Chang YC, Peng HH, Chang SD, Chao A, Chang CJ, Lai CH, 

Wong AMK. Pain relief by applying transcutaneous electrical nerve stimulation (TENS) on 

acupuncture points during the first stage of labor: A randomized double-blind placebo-

controlled trial. Pain 2007; 127(3): 214–220. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

20 

 

46  Norrbrink C. Transcutaneous electrical nerve stimulation for treatment of spinal cord injury 

neuropathic pain. J Rehabil Res Dev 2009; 46(1): 85–93. 

47  Melzack R, Wall PD. Pain mechanisms: a new theory. Science 1965; 150(3699): 971–979. 

48  Vance C, Dailey D, Rakel B, Geasland K, Darghosian L, Munters LA, Merriwether E, Crofford 

L, Sluka K. A novel method to obtain higher intensity TENS stimulation in clinical application. 

J Pain 2015; 16(4): S93. 

49  Garrison DW, Foreman RD. Decreased activity of spontaneous and noxiously evoked dorsal 

horn cells during transcutaneous electrical nerve-stimulation (TENS). Pain 1994; 58(3): 309–

315. 

50  Lebars D, Dickenson AH, Besson JM. Diffuse noxious inhibitory controls (DNIC) .1. Effects 

on dorsal horn convergent neurons in the rat. Pain 1979; 6(3): 283–304. 

51  Heinricher MM, Tavares I, Leith JL, Lumb BM. Descending control of nociception: Specificity, 

recruitment and plasticity. Brain Res Rev 2009; 60(1): 214–225. 

52  Da Silva JT, Zhang Y, Asgar J, Ro JY, Seminowicz DA. Diffuse noxious inhibitory controls 

and brain networks are modulated in a testosterone-dependent manner in Sprague Dawley rats. 

Behav Brain Res 2018; 349: 91–97. 

53  Sluka KA, Lisi TL, Westlund KN. Increased release of serotonin in the spinal cord during low, 

but not high, frequency transcutaneous electric nerve stimulation in rats with joint 

inflammation. Arch Phys Med Rehabil 2006; 87(8): 1137–1140. 

54  Sluka KA, Deacon M, Stibal A, Strissel S, Terpstra A. Spinal blockade of opioid receptors 

prevents the analgesia produced by TENS in arthritic rats. J Pharmacol Exp Ther 1999; 289(2): 

840–846. 

55  Kalra A, Urban MO, Sluka KA. Blockade of opioid receptors in rostral ventral medulla 

prevents antihyperalgesia produced by transcutaneous electrical nerve stimulation (TENS). J 

Pharmacol Exp Ther 2001; 298(1): 257–263. 

56  Yuan H, Silberstein SD. Vagus nerve stimulation and headache. Headache 2017; 57: 29–33. 

57  Redgrave J, Day D, Leung H, Laud PJ, Ali A, Lindert R, Majid A. Safety and tolerability of 

Transcutaneous Vagus Nerve stimulation in humans: A systematic review. Brain Stimulat 2018; 

11(6): 1225–1238. 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

21 

 

58  Goadsby PJ, Grosberg BM, Mauskop A, Cady R, Simmons KA. Effect of noninvasive vagus 

nerve stimulation on acute migraine: An open-label pilot study. Cephalalgia 2014; 34(12): 986–

993. 

59  Straube A, Ellrich J, Eren O, Blum B, Ruscheweyh R. Treatment of chronic migraine with 

transcutaneous stimulation of the auricular branch of the vagal nerve (auricular t-VNS): A 

randomized, monocentric clinical trial. J Headache Pain 2015; 16(1): 1–9. 

60  Morris J, Straube A, Diener H-C, Ahmed F, Silver N, Walker S, Liebler E, Gaul C. Cost-

effectiveness analysis of non-invasive vagus nerve stimulation for the treatment of chronic 

cluster headache. J Headache Pain 2016; 17(43): 1–9. 

61  Busch V, Zeman F, Heckel A, Menne F, Ellrich J, Eichhammer P. The effect of transcutaneous 

vagus nerve stimulation on pain perception – An experimental study. Brain Stimulat 2013; 6(2): 

202–209. 

62  De Icco R, Martinelli D, Bitetto V, Fresia M, Liebler E, Sandrini G, Tassorelli C. Peripheral 

vagal nerve stimulation modulates the nociceptive withdrawal reflex in healthy subjects: A 

randomized, cross-over, sham-controlled study. Cephalalgia 2018; 38(10): 1658–1664. 

63  Usichenko T, Laqua R, Leutzow B, Lotze M. Preliminary findings of cerebral responses on 

transcutaneous vagal nerve stimulation on experimental heat pain. Brain Imaging Behav 2017; 

11(1): 30–37. 

64  Lendvai IS, Maier A, Scheele D, Hurlemann R, Kinfe TM. Spotlight on cervical vagus nerve 

stimulation for the treatment of primary headache disorders: A review. J Pain Res 2018; 11: 

1613–1625. 

65  Goadsby PJ, de Coo IF, Silver N, Tyagi A, Ahmed F, Gaul C, Jensen RH, Diener HC, Solbach 

K, Straube A, Liebler E, Marin JCA, Ferrari MD, Grp ACTS. Non-invasive vagus nerve 

stimulation for the acute treatment of episodic and chronic cluster headache: A randomized, 

double-blind, sham-controlled ACT2 study. Cephalalgia 2018; 38(5): 959–969. 

66  Grazzi L, Egeo G, Calhoun AH, McClure CK, Liebler E, Barbanti P. Non-invasive Vagus 

Nerve Stimulation (nVNS) as mini-prophylaxis for menstrual/menstrually related migraine: 

An open-label study. J Headache Pain 2016; 17(91): 1–10. 

67  Mwamburi M, Liebler EJ, Tenaglia AT. Cost-effectiveness of gammaCore (non-invasive vagus 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

22 

 

nerve stimulation) for acute treatment of episodic cluster headache. Am J Manag Care 2017; 

23(16): S300–S306. 

68  Nesbitt AD, Marin JCA, Tompkins E, Ruttledge MH, Goadsby PJ. Initial use of a novel 

noninvasive vagus nerve stimulator for cluster headache treatment. Neurology 2015; 84(12): 

1249–1253. 

69  Trimboli M, Al-Kaisy A, Andreou AP, Murphy M, Lambru G. Non-invasive vagus nerve 

stimulation for the management of refractory primary chronic headaches: A real-world 

experience. Cephalalgia 2018; 38(7): 1276–1285. 

70  Napadow V, Edwards RR, Cahalan CM, Mensing G, Greenbaum S, Valovska A, Li A, Kim J, 

Maeda Y, Park K, Wasan AD. Evoked pain analgesia in chronic pelvic pain patients using 

respiratory-gated auricular vagal afferent nerve stimulation. Pain Med 2012; 13(6): 777–789. 

71  Sator-Katzenschlager SM, Scharbert G, Kozek-Langenecker SA, Szeles JC, Finster G, 

Schiesser AW, Heinze G, Kress HG. The short- and long-term benefit in chronic low back pain 

through adjuvant electrical versus manual auricular acupuncture. Anesth Analg 2004; 98(5): 

1359–1364. 

72  Clancy JA, Mary DA, Witte KK, Greenwood JP, Deuchars SA, Deuchars J. Non-invasive 

vagus nerve stimulation in healthy humans reduces sympathetic nerve activity. Brain Stimulat 

2014; 7(6): 871–877. 

73  Antonino D, Teixeira AL, Maia-Lopes PM, Souza MC, Sabino-Carvalho JL, Murray AR, 

Deuchars J, Vianna LC. Non-invasive vagus nerve stimulation acutely improves spontaneous 

cardiac baroreflex sensitivity in healthy young men: A randomized placebo-controlled trial. 

Brain Stimulat 2017; 10(5): 875–881. 

74  Porges SW. Emotion: An evolutionary by-product of the neural regulation of the autonomic 

nervous system. Ann N Y Acad Sci. 1997; 807(1 Integrative N): 62–77. 

75  Kraus T, Hösl K, Kiess O, Schanze A, Kornhuber J, Forster C. BOLD fMRI deactivation of 

limbic and temporal brain structures and mood enhancing effect by transcutaneous vagus nerve 

stimulation. J Neural Transm 2007; 114(11): 1485–1493. 

76  Frangos E, Richards EA, Bushnell MC. Do the psychological effects of vagus nerve stimulation 

partially mediate vagal pain modulation? Neurobiol Pain 2017; 1: 37–45. 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

23 

 

77  Chandler MJ, Hobbs SF, Bolser DC, Foreman RD. Effects of vagal afferent stimulation on 

cervical spinothalamic tract neurons in monkeys. Pain 1991; 44(1): 81–87. 

78  Lewine JD, Paulson K, Bangera N, Simon BJ. Exploration of the impact of brief noninvasive 

vagal nerve stimulation on EEG and event-related potentials. Neuromodulation 2019; 22(5): 

564–572. 

79  Butt MF, Albusoda A, Farmer AD, Aziz Q. The anatomical basis for transcutaneous auricular 

vagus nerve stimulation. J Anat 2019; 236(4): 588-611. 

80  Thompson N, Mastitskaya S, Holder D. Avoiding off-target effects in electrical stimulation of 

the cervical vagus nerve: Neuroanatomical tracing techniques to study fascicular anatomy of 

the vagus nerve. J Neurosci Methods 2019; 325: UNSP 108325. 

81  Piovesan EJ, Kowacs PA, Tatsui CE, Lange MC, Ribas LC, Werneck LC. Referred pain after 

painful stimulation of the greater occipital nerve in humans: Evidence of convergence of 

cervical afferences on trigeminal nuclei. Cephalalgia 2001; 21(2): 107–109. 

82  Schulte LH, Sprenger C, May A. Physiological brainstem mechanisms of trigeminal 

nociception: An fMRI study at 3T. NeuroImage 2016; 124: 518–525. 

83  Capone F, Assenza G, Di Pino G, Musumeci G, Ranieri F, Florio L, Barbato C, Di Lazzaro V. 

The effect of transcutaneous vagus nerve stimulation on cortical excitability. J Neural Transm 

2015; 122(5): 679–685. 

84  Frangos E, Ellrich J, Komisaruk BR. Non-invasive access to the vagus nerve central 

projections via electrical stimulation of the external ear: fMRI evidence in humans. Brain 

Stimulat 2015; 8(3): 624–636. 

85  Frangos E, Komisaruk BR. Access to vagal projections via cutaneous electrical stimulation of 

the neck: fMRI evidence in healthy humans. Brain Stimulat 2017; 10(1): 19–27. 

86  Basbaum AI, Fields HL. Endogenous pain control systems: Brainstem spinal pathways and 

endorphin circuitry. Annu Rev Neurosci 1984; 7(1): 309–338. 

87  Janner H, Klausenitz C, Guertler N, Hahnenkamp K, Usichenko TI. Effects of electrical 

transcutaneous vagus nerve stimulation on the perceived intensity of repetitive painful heat 

stimuli: A blinded placebo- and sham-controlled randomized crossover investigation. Anesth 

Analg 2018; 126(6): 2085–2092. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

24 

 

88  Zhang Y, Liu J, Li H, Yan Z, Liu X, Cao J, Park J, Wilson G, Liu B, Kong J. Transcutaneous 

auricular vagus nerve stimulation at 1 Hz modulates locus coeruleus activity and resting state 

functional connectivity in patients with migraine: An fMRI study. Neuroimage-Clin 2019; 24: 

101971. 

89  Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, Paulus W, Hummel F, 

Boggio PS, Fregni F, Pascual-Leone A. Transcranial direct current stimulation: State of the art 

2008. Brain Stimulat 2008; 1(3): 206–223. 

90  Pinto CB, Costa BT, Duarte D, Fregni F. Transcranial direct current stimulation as a therapeutic 

tool for chronic pain. J ECT 2018; 34(3): E36–E50. 

91  To WT, Hart J, Ridder DD, Vanneste S. Considering the influence of stimulation parameters 

on the effect of conventional and high-definition transcranial direct current stimulation. Expert 

Rev Med Devices 2016; 13(4): 391–404. 

92  Nitsche MA, Kuo MF, Paulus W, Antal A. Transcranial direct current stimulation: protocols 

and physiological mechanisms of action. In: Knotkova H, Rasche D (eds). Textbook of 

Neuromodulation. Springer New York Press, 2015, 101–111. 

93  Villamar MF, Wivatvongvana P, Patumanond J, Bikson M, Truong DQ, Datta A, Fregni F. 

Focal modulation of the primary motor cortex in fibromyalgia using 4x1-ring high-definition 

transcranial direct current stimulation (HD-tDCS): Immediate and delayed analgesic effects of 

cathodal and anodal stimulation. J Pain 2013; 14(4): 371–383. 

94  Borckardt JJ, Bikson M, Frohman H, Reeves ST, Datta A, Bansal V, Madan A, Barth K, George 

MS. A pilot study of the tolerability and effects of high-definition transcranial direct current 

stimulation (HD-tDCS) on pain perception. J Pain 2012; 13(2): 112–120. 

95  Donnell A, Nascimento TD, Lawrence M, Gupta V, Zieba T, Truong DQ, Bikson M, Datta A, 

Bellile E, DaSilva AF. High-definition and non-invasive brain modulation of pain and motor 

dysfunction in chronic TMD. Brain Stimulat 2015; 8(6): 1085–1092. 

96  Auvichayapat P, Keeratitanont K, Janyachareon T, Auvichayapat N. The effects of transcranial 

direct current stimulation on metabolite changes at the anterior cingulate cortex in neuropathic 

pain: A pilot study. J Pain Res 2018; 11: 2301–2309. 

97  Castillo-Saavedra L, Gebodh N, Bikson M, Diaz-Cruz C, Brandao R, Coutinho L, Truong D, 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

25 

 

Datta A, Shani-Hershkovich R, Weiss M, Laufer I, Reches A, Peremen Z, Geva A, Parra LC, 

Fregni F. Clinically effective treatment of fibromyalgia pain with high-definition transcranial 

direct current stimulation: Phase II open-label dose optimization. J Pain 2016; 17(1): 14–26. 

98  Flood A, Waddington G, Cathcart S. High-definition transcranial direct current stimulation 

enhances conditioned pain modulation in healthy volunteers: A randomized trial. J Pain 2016; 

17(5): 600–605. 

99  Miuli A, Spano MC, Lorusso M, Sociali A, Pettorruso M, di Giannantonio M, Martinotti G, Di 

Muzio A. Transcranial direct current stimulation for phantom limb pain circuitopathy: Efficacy 

and safety in a patient with a cardiac defibrillator. Clin Neurophysiol 2020; 131(1): 345–346. 

100 Powers A, Madan A, Hilbert M, Reeves ST, George M, Nash MR, Borckardt JJ. Effects of 

combining a brief cognitive intervention with transcranial direct current stimulation on pain 

tolerance: A randomized controlled pilot study. Pain Med 2018; 19(4): 677–685. 

101 Suchting R, Colpo GD, Rocha NP, Ahn H. The effect of transcranial direct current stimulation 

on inflammation in older adults with knee osteoarthritis: A bayesian residual change analysis. 

Biol Res Nurs 2020; 22(1): 57–63. 

102 Serrano GB, Rodrigues LP, Schein B, Souza A, Torres ILS, Antunes L da C, Fregni F, Caumo 

W. Comparison of hypnotic suggestion and transcranial direct-current stimulation effects on 

pain perception and the descending pain modulating system: A crossover randomized clinical 

trial. Front Neurosci 2019; 13: 662. 

103 Mariano TY, Burgess FW, Bowker M, Kirschner J, van’t Wout-Frank M, Jones RN, Halladay 

CW, Stein M, Greenberg BD. Transcranial direct current stimulation for affective symptoms 

and functioning in chronic low back pain: A pilot double-blinded, randomized, placebo-

controlled trial. Pain Med 2019; 20(6): 1166–1177. 

104 Naegel S, Biermann J, Theysohn N, Kleinschnitz C, Diener HC, Katsarava Z, Obermann M, 

Holle D. Polarity-specific modulation of pain processing by transcranial direct current 

stimulation - A blinded longitudinal fMRI study. J Headache Pain 2018; 19: 99. 

105 Mordillo-Mateos L, Dileone M, Soto-Leon V, Brocalero-Camacho A, Perez-Borrego YA, 

Onate-Figuerez A, Aguilar J, Oliviero A. Effects of transcranial direct current stimulation on 

temperature and pain perception. Sci Rep 2017; 7: 2946. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

26 

 

106 Cummiford CM, Nascimento TD, Foerster BR, Clauw DJ, Zubieta J-K, Harris RE, DaSilva AF. 

Changes in resting state functional connectivity after repetitive transcranial direct current 

stimulation applied to motor cortex in fibromyalgia patients. Arthritis Res Ther 2016; 18: 40. 

107 Mariano TY, van’t Wout M, Garnaat SL, Rasmussen SA, Greenberg BD. Transcranial direct 

current stimulation (tDCS) targeting left dorsolateral prefrontal cortex modulates task-induced 

acute pain in healthy volunteers. Pain Med 2016; 17(4): 737–745. 

108 Reidler JS, Mendonca ME, Santana MB, Wang X, Lenkinski R, Motta AF, Marchand S, Latif 

L, Fregni F. Effects of motor cortex modulation and descending inhibitory systems on pain 

thresholds in healthy subjects. J Pain. 2012; 13(5): 450–458. 

109 Juergens TP, Schulte A, Klein T, May A. Transcranial direct current stimulation does neither 

modulate results of a quantitative sensory testing protocol nor ratings of suprathreshold heat 

stimuli in healthy volunteers. Eur J Pain 2012; 16(9): 1251–1263. 

110  Borckardt JJ, Reeves ST, Milliken C, Carter B, Epperson TI, Gunselman RJ, Madan A, Del 

Schutte H, Demos HA, George MS. Prefrontal versus motor cortex transcranial direct current 

stimulation (tDCS) effects on post-surgical opioid use. Brain Stimulat 2017; 10(6): 1096–1101. 

111  Khedr EM, Omran EAH, Ismail NM, El-Hammady DH, Goma SH, Kotb H, Galal H, Osman 

AM, Farghaly HSM, Karim AA, Ahmed GA. Effects of transcranial direct current stimulation 

on pain, mood and serum endorphin level in the treatment of fibromyalgia: A double blinded, 

randomized clinical trial. Brain Stimulat 2017; 10(5): 893–901. 

112  Jiang N, Wei J, Li G, Wei B, Zhu FF, Hu Y. Effect of dry-electrode-based transcranial direct 

current stimulation on chronic low back pain and low back muscle activities: A double-blind 

sham-controlled study. Restor Neurol Neurosci 2020; 38(1): 41–54. 

113  Antal A, Kriener N, Lang N, Boros K, Paulus W. Cathodal transcranial direct current 

stimulation of the visual cortex in the prophylactic treatment of migraine. Cephalalgia 2011; 

31(7): 820–828. 

114  Ngernyam N, Jensen MP, Arayawichanon P, Auvichayapat N, Tiamkao S, Janjarasjitt S, 

Punjaruk W, Amatachaya A, Aree-uea B, Auvichayapat P. The effects of transcranial direct 

current stimulation in patients with neuropathic pain from spinal cord injury. Clin Neurophysiol 

2015; 126(2): 382–390. 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

27 

 

115  Ahn H, Woods AJ, Kunik ME, Bhattacharjee A, Chen Z, Choi E, Fillingim RB. Efficacy of 

transcranial direct current stimulation over primary motor cortex (anode) and contralateral 

supraorbital area (cathode) on clinical pain severity and mobility performance in persons with 

knee osteoarthritis: An experimenter- and participant-blinded, randomized, sham-controlled 

pilot clinical study. Brain Stimulat 2017; 10(5): 902–909. 

116  Bolognini N, Olgiati E, Maravita A, Ferraro F, Fregni F. Motor and parietal cortex stimulation 

for phantom limb pain and sensations. Pain 2013; 154(8): 1274–1280. 

117  Bolognini N, Spandri V, Ferraro F, Salmaggi A, Molinari ACL, Fregni F, Maravita A. 

Immediate and sustained effects of 5-day transcranial direct current stimulation of the motor 

cortex in phantom limb pain. J Pain 2015; 16(7): 657–665. 

118  Lagueux E, Bernier M, Bourgault P, Whittingstall K, Mercier C, Leonard G, Laroche S, 

Tousignant-Laflamme Y. The effectiveness of transcranial direct current stimulation as an add-

on modality to graded motor imagery for treatment of complex regional pain syndrome: A 

randomized proof of concept study. Clin J Pain 2018; 34(2): 145–154. 

119  Medeiros Miranda David MC, de Moraes AA, da Costa ML, Fernandes Franco CI. 

Transcranial direct current stimulation in the modulation of neuropathic pain: A systematic 

review. Neurol Res 2018; 40(7): 557–565. 

120 Babiloni AH, Guay S, Nixdorf DR, de Beaumont L, Lavigne G. Non-invasive brain stimulation 

in chronic orofacial pain: A systematic review. J Pain Res 2018; 11: 1445–1457. 

121 Zhu CE, Yu B, Zhang W, Chen WH, Qi Q, Miao Y. Effectiveness and safety of transcranial 

direct current stimulation in fibromyalgia: A systematic review and meta-analysis. J Rehabil 

Med 2017; 49(1): 2–9. 

122 O’Connell NE, Marston L, Spencer S, DeSouza LH, Wand BM. Non-invasive brain stimulation 

techniques for chronic pain. Cochrane Database Syst Rev 2018; (4): CD008208. 

123 Boldt I, Eriks-Hoogland I, Brinkhof MWG, de Bie R, Joggi D, von Elm E. Non-

pharmacological interventions for chronic pain in people with spinal cord injury. Cochrane 

Database Syst Rev 2014; (11): CD009177. 

124 Mehta S, McIntyre A, Guy S, Teasell RW, Loh E. Effectiveness of transcranial direct current 

stimulation for the management of neuropathic pain after spinal cord injury: A meta-analysis. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

28 

 

Spinal Cord 2015; 53(11): 780–785. 

125 Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex by weak 

transcranial direct current stimulation. J Physiol 2000; 527(3): 633–639. 

126 Pereira M, Rafiq B, Chowdhury E, Babayev J, Boo H, Metwaly R, Sandilya P, Chusid E, 

Battaglia F. Anodal cerebellar tDCS modulates lower extremity pain perception. 

Neurorehabilitation. 2017; 40(2): 195–200. 

127 Aslaksen PM, Vasylenko O, Fagerlund AJ. The effect of transcranial direct current stimulation 

on experimentally induced heat pain. Exp Brain Res 2014; 232(6): 1865–1873. 

128 Moloney TM, Witney AG. Pressure pain thresholds increase after preconditioning 1 Hz 

repetitive transcranial magnetic stimulation with transcranial direct current stimulation. PLoS 

One 2014; 9(3): e92540. 

129 Moloney TM, Witney AG. Transcranial direct current stimulation (tDCS) priming of 1 Hz 

repetitive transcranial magnetic stimulation (rTMS) modulates experimental pain thresholds. 

Neurosci Lett 2013; 534: 289–294. 

130 Koyama S, Nakagawa K, Tanaka S. Transcranial direct current stimulation over the opercular 

somatosensory region does not influence experimentally induced pain: A triple blind, sham-

controlled study. Neuroreport 2017; 28(3): 158–162. 

131 Ihle K, Rodriguez-Raecke R, Luedtke K, May A. tDCS modulates cortical nociceptive 

processing but has little to no impact on pain perception. Pain 2014; 155(10): 2080–2087. 

132 Schabrun SM, Jones E, Cancino ELE, Hodges PW. Targeting chronic recurrent low back pain 

from the top-down and the bottom-up: A combined transcranial direct current stimulation and 

peripheral electrical stimulation intervention. Brain Stimulat. 2014; 7(3): 451–459. 

133 Hamner JW, Villamar MF, Fregni F, Taylor JA. Transcranial direct current stimulation (tDCS) 

and the cardiovascular responses to acute pain in humans. Clin Neurophysiol 2015; 126(5): 

1039–1046. 

134 Monte-Silva K, Kuo M-F, Hessenthaler S, Fresnoza S, Liebetanz D, Paulus W, Nitsche MA. 

Induction of late LTP-like plasticity in the human motor cortex by repeated non-invasive brain 

stimulation. Brain Stimul Basic Transl Clin Res Neuromodulation 2013; 6(3): 424–432. 

135 Vaseghi B, Zoghi M, Jaberzadeh S. How does anodal transcranial direct current stimulation of 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

29 

 

the pain neuromatrix affect brain excitability and pain perception? A randomised, double-blind, 

sham-control study. PLoS One 2015; 10(3): UNSP e0118340. 

136 Mariano TY, van’t Wout M, Jacobson BL, Garnaat SL, Kirschner JL, Rasmussen SA, Greenberg 

BD. Effects of transcranial direct current stimulation (tDCS) on pain distress tolerance: A 

preliminary study. Pain Med 2015; 16(8): 1580–1588. 

137 Yoo HB, Ost J, Joos W, Van Havenbergh T, De Ridder D, Vanneste S. Adding prefrontal 

transcranial direct current stimulation before occipital nerve stimulation in fibromyalgia. Clin 

J Pain 2018; 34(5): 421–427. 

138 Luedtke K, May A, Juergens TP. No effect of a single session of transcranial direct current 

stimulation on experimentally induced pain in patients with chronic low back pain - An 

exploratory study. PLoS One 2012; 7(11): e48857. 

139 Bikson M, Inoue M, Akiyama H, Deans JK, Fox JE, Miyakawa H, Jefferys JGR. Effects of 

uniform extracellular DC electric fields on excitability in rat hippocampal slices in vitro: 

Modulation of neuronal function by electric fields. J Physiol 2004; 557(1): 175–190. 

140 Zaghi S, Acar M, Hultgren B, Boggio PS, Fregni F. Noninvasive brain stimulation with low-

intensity electrical currents: Putative mechanisms of action for direct and alternating current 

stimulation. The Neuroscientist 2010; 16(3): 285–307. 

141 Antal A, Terney D, Kuehnl S, Paulus W. Anodal transcranial direct current stimulation of the 

motor cortex ameliorates chronic pain and reduces short intracortical inhibition. J Pain 

Symptom Manage 2010; 39(5): 890–903. 

142 Nitsche MA, Jaussi W, Liebetanz D, Lang N, Tergau F, Paulus W. Consolidation of human 

motor cortical neuroplasticity by D-Cycloserine. Neuropsychopharmacology 2004; 29(8): 

1573–1578. 

143 Nitsche MA, Liebetanz D, Schlitterlau A, Henschke U, Fricke K, Frommann K, Lang N, 

Henning S, Paulus W, Tergau F. GABAergic modulation of DC stimulation-induced motor 

cortex excitability shifts in humans. Eur J Neurosci 2004; 19(10): 2720–2726. 

144 Lin RL, Douaud G, Filippini N, Okell TW, Stagg CJ, Tracey I. Structural connectivity variances 

underlie functional and behavioral changes during pain relief induced by neuromodulation. Sci 

Rep 2017; 7: 41603. 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

30 

 

145 De Ridder D, Vanneste S. Occipital nerve field transcranial direct current stimulation 

normalizes imbalance between pain detecting and pain inhibitory pathways in fibromyalgia. 

Neurotherapeutics 2017; 14(2): 484–501. 

146 Simis M, Reidler JS, Macea DD, Duarte IM, Wang X, Lenkinski R, Petrozza JC, Fregni F. 

Investigation of central nervous system dysfunction in chronic pelvic pain using magnetic 

resonance spectroscopy and noninvasive brain stimulation. Pain Pract 2015; 15(5): 423–432. 

147 Yoon EJ, Kim YK, Kim H-R, Kim SE, Lee Y, Shin HI. Transcranial direct current stimulation 

to lessen neuropathic pain after spinal cord injury: A mechanistic PET study. Neurorehabil 

Neural Repair 2014; 28(3): 250–259. 

148 Villamar MF, Volz MS, Bikson M, Datta A, DaSilva AF, Fregni F. Technique and considerations 

in the use of 4x1 ring high-definition transcranial direct current stimulation (HD-tDCS). Jove-

J Vis Exp 2013; (77): e50309. 

149 Tavakoli AV, Yun K. Transcranial alternating current stimulation (tACS) mechanisms and 

protocols. Front Cell Neurosci 2017; 11: 214. 

150 Hohn VD, May ES, Ploner M. From correlation towards causality: Modulating brain rhythms 

of pain using transcranial alternating current stimulation. Pain Rep 2019; 4(4): e723. 

151 Sarkar A, Kadosh RC. Transcranial electrical stimulation and the enhancement of numerical 

cognition. In: Berch DB, Geary DC, Koepke KM (eds). Development of Mathematical 

Cognition. San Diego: Academic Press:, 2016, 245–296. 

152 Angelakis E, Liouta E, Andreadis N, Leonardos A, Ktonas P, Stavrinou LC, Miranda PC, 

Mekonnen A, Sakas DE. Transcranial alternating current stimulation reduces symptoms in 

intractable idiopathic cervical dystonia: A case study. Neurosci Lett 2013; 533: 39–43. 

153 May ES, Hohn VD, Nickel MM, Tiemann L, Ávila CG, Heitmann H, Sauseng P, Ploner M. 

Modulating brain rhythms of pain using transcranial alternating current stimulation (tACS)? A 

sham-controlled study in healthy human participants. bioRxiv 2020. DOI: 

https://doi.org/10.1101/2020.06.16.154112 

154 Antal A, Herrmann CS. Transcranial alternating current and random noise atimulation: Possible 

mechanisms. Neural Plast 2016; 2016: 3616807. 

155 Thut G, Schyns P, Gross J. Entrainment of perceptually relevant brain oscillations by non-



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

31 

 

Invasive rhythmic stimulation of the human brain. Front Psychol 2011; 2: 170. 

156 Vosskuhl J, Strüber D, Herrmann CS. Non-invasive brain atimulation: A paradigm shift in 

understanding brain oscillations. Front Hum Neurosci 2018; 12: 211. 

157 Joundi RA, Jenkinson N, Brittain J-S, Aziz TZ, Brown P. Driving oscillatory activity in the 

human cortex enhances motor performance. Curr Biol 2012; 22(5): 403–407. 

158 Zaehle T, Rach S, Herrmann CS. Transcranial alternating current stimulation enhances 

individual alpha activity in human EEG. PLoS One 2010; 5(11): e13766. 

159 Kasten FH, Dowsett J, Herrmann CS. Sustained after effect of α-tACS lasts up to 70 min after 

stimulation. Front Hum Neurosci 2016; 10: 245. 

160 Peng W, Hu L, Zhang Z, Hu Y. Changes of spontaneous oscillatory activity to tonic heat pain. 

PLoS One 2014; 9(3): e91052. 

161 Hu L, Iannetti GD. Neural indicators of perceptual variability of pain across species. Proc Natl 

Acad Sci U S A 2019; 116(5): 1782–1791. 

162 Tu Y, Zhang Z, Tan A, Peng W, Hung YS, Moayedi M, Iannetti GD, Hu L. Alpha and gamma 

oscillation amplitudes synergistically predict the perception of forthcoming nociceptive stimuli. 

Hum Brain Mapp 2016; 37(2): 501–514. 

163 Schulz E, May ES, Postorino M, Tiemann L, Nickel MM, Witkovsky V, Schmidt P, Gross J, 

Ploner M. Prefrontal gamma oscillations encode tonic pain in humans. Cereb Cortex 2015; 

25(11): 4407–4414. 

164 Ploner M, Sorg C, Gross J. Brain thythms of pain. Trends Cogn Sci 2017; 21(2): 100–110. 

165 Hu L, Peng W, Valentini E, Zhang Z, Hu Y. Functional features of nociceptive-induced 

suppression of alpha band electroencephalographic oscillations. J Pain 2013; 14(1): 89–99. 

166 Zhang ZG, Hu L, Hung YS, Mouraux A, Iannetti GD. Gamma-band oscillations in the primary 

somatosensory cortex—A direct and obligatory correlate of subjective pain intensity. J 

Neurosci 2012; 32(22): 7429–7438. 

167 Li Z (李镇江), Zhang L, Zhang H, Yue L, Hu L. Pain-related gamma band oscillations: Progress 

and prospect. Chin Sci Bull (科学通报) 2020; 65: DOI: 10.1360/TB-2019-0749 (in Chinese 

with English abstract). 



生理学报 Acta Physiologica Sinica, 2020, DOI: 10.13294/j.aps.2020.0093 

32 

 

表 1. 外周非侵入性神经调控电刺激技术镇痛的临床应用 

Table 1. Clinical application of non-invasive electrical peripheral neuromodulation techniques in pain management 

Non-invasive electrical 
neuromodulation 

techniques 

Clinical condition Electrode placement Oft-used stimulation 
parameters 

 

Analgesic effects  Neural mechanisms 

TENS 
Conventional TENS CLBP[27], cancer 

pain[26], expulsive 

pain[28], primary 

dysmenorrhea[29, 30], 

postoperative pain[31] 

etc. More suitable for 

patients struggled with 

opioid-resistance 

One active and one return 

electrode (60 mm × 40 

mm/45 mm/90 mm); around 

the area of pain[24, 32] 

 

(1) Waveform: square waves; (2) 

current frequency: 50–100 Hz; (3) 

current pulse width: 100–300 μs; (4) 

current intensity: strong but 

comfortable or muscles’ motor 

threshold; (5) duration: 30–60 min; (6) 

stimulation frequency: 2–4 times per 

day[26–31] 

(1) Size: medium; (2) 

duration: immediate and 

short-lived; (3) locality: 

local[22, 26–31, 47] 

Gate control theory[22, 47] 

 

AL-TENS CLBP[36], 

fibromyalgia[37], 

postoperative pain[31] 

etc. More suitable for 

patients with chronic 

pain 

One active and one return 

electrode (60 mm × 40 

mm/45 mm/90 mm); at arms 

or legs[31, 36, 37] 

(1) Waveform: square waves; (2) 

current frequency: 1–4 Hz; (3) current 

pulse width: 200–400 μs; (4) current 

intensity: tolerable but painful;  (5) 

duration: 30–60 min; (6) stimulation 

frequency: 2–4 times per day[31, 35–38] 

(1) Size: large; (2) 

duration: immediate and 

lasting; (3) locality: 

diffuse[31, 35–38] 

 (1) DNIC; (2) Activating the 

descending pain inhibition 

system[35, 50, 53–55] 
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tVNS 
tcVNS Migraine[58, 60], cluster 

headache[58, 60] 

Two electrodes; at the 

sternocleidomastoid muscle 

along the cervical branch of 

the vagus nerve[58 ,60] 

 

 (1) Waveform: 5 kHz sine waves; (2) 

current frequency: each lasting 200 

μs, repeated once every 40 ms (25 

Hz); (3) current intensity: highest 

voltage (24 V), highest intensity (60 

mA); (4) duration: 20–30 min; (5) 

stimulation frequency: 2–3 times per 

day[58, 60, 64–69] 

(1) Size: small; (2) 

duration: immediate and 

short-lived[58 ,60, 64–69] 

(1) Indirectly modulating pain 

perception by regulating pain 

unpleasant[74–76]; (2) Decreasing 

the activity of second-order 

nociceptive neurons in the 

spinothalamic and spinoreticular 

tracts of the spinal cord[61, 77, 78]; 

(3) Activating the descending 

pain inhibition system[61, 79–88] 

taVNS Migraine[59] One active electrode and one 

return electrode; at the 

auricular cymba and 

conchae, or tragus[59, 70, 71] 

(1) Waveform: square waves; (2) 

current frequency: 1 Hz, 8 Hz, or 25 

Hz; (3) current pulse width: 200–300 

μs; (4) current intensity: strong but 

comfortable or muscles’ motor 

threshold; (5) stimulation frequency: 

4 h per day[59, 70, 71] 

(1) Size: small; (2) 

duration: immediate and 

short-lived[59, 70, 71] 

 (1) Indirectly modulating pain 

perception by regulating pain 

unpleasant[74-76]; (2) Decreasing 

the activity of second-order 

nociceptive neurons in the 

spinothalamic and spinoreticular 

tracts of the spinal cord[61,77,78]; 

(3) Activating the descending 

pain inhibition system[61,79–88] 

TENS, transcutaneous electrical nerve stimulation; CLBP, chronic low back pain; AL-TENS, acupuncture-like transcutaneous electrical nerve stimulation; DNIC, diffuse noxious 

inhibitory controls; tVNS, transcutaneous vagal/vagus nerve stimulation; tcVNS, transcutaneous cervical vagus/vagal nerve stimulation; taVNS, transcutaneous auricular vagus/vagal 

nerve stimulation. 
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表 2. 中枢非侵入性神经调控电刺激技术镇痛的临床应用 

Table 2. Clinical application of non-invasive electrical central neuromodulation techniques in pain management 
 

 Non-invasive 
electrical 

neuromodulation 
techniques 

Clinical condition Electrode placement  Oft-used stimulation 
parameters 

 

Analgesic effects  Neural mechanisms 

tDCS      

(1) Bipolar/bicephalic tDCS 

(2) Monopolar/monocephalic 

tDCS 

Fibromyalgia, CLBP, 

neuropathic pain, 

knee joint pain, 

phantom limb pain, 

migraine etc.[110–124] 

 

One active electrode and one return 

electrode (35 cm2); active electrode: 

at the corresponding scalp area of 

M1, S1, dlPFC or dACC, return 

electrode: at other scalp area or skin 

of neck, shoulder, arm, or knee[100, 

103, 107, 110–125,135–137] 

 (1) Waveform: direct current; 

(2) current intensity: 2 mA; 

(3) duration: multiple 

stimulations in units of 20 

min[100, 103, 107, 110–125, 135–137] 

 (1) Size: medium; (2) 

duration: immediate 

analgesia and lasting; (3) 

locality: diffuse[100, 103, 107, 

110–125, 135–137] 

 (1) Altering the neuron 

excitability in pain-related cortex 

areas[89, 91, 92, 140]; (2) Modulating 

functional connectivity between 

brain areas[91, 92, 106, 144] 

HD-tDCS Fibromyalgia[93], pain 

induced by 

temporomandibular 

disorders[95] 

 

One active electrode and four return 

electrodes (4×1 HD-tDCS), or two 

active electrodes and two return 

electrodes(2×2 HD-tDCS); active 

electrodes: at the corresponding 

scalp area of M1[93, 95], return 

electrodes: at other scalp areas 

 (1) Waveform: direct current; 

(2) current intensity: 2 mA; 

(3) duration: multiple 

stimulations in units of 20 

min[93, 95] 

 (1) Size: large; (2) 

duration: immediate and 

lasting; (3) locality: 

diffuse[93, 95] 

 (1) Altering the neuron 

excitability in pain-related cortex 

areas[89, 91, 92, 140]; (2) Modulating 

functional connectivity between 

brain areas[91, 92, 106, 144] 
 



陈钰昕等：非侵入性电刺激神经调控技术：镇痛效果与镇痛机制 

35 

 

tACS 

 

 

 

 

CLBP[19], pain induced 

by intractable idiopathic 

cervical dystonia[152] 

Two electrodes; at bilateral S1 or 

M1[19, 152] 

 (1) Waveform: sine waves; 

(2) current frequency: 10 Hz 

or 15 Hz; (3) current intensity: 

0.5 mA or 1 mA[19, 157, 158] 

Unsure[19, 20, 152, 153] Modulating pain-related neural 

oscillations[149, 150, 154–167] 

 

 

tDCS, transcranial direct current stimulation; M1, primary motor cortex; S1, primary somatosensory cortex; dlPFC, dorsal lateral prefrontal cortex; dACC, dorsal anterior 
cingulate cortex; HD-tDCS, high-definition transcranial direct current stimulation; tACS, transcranial alternating current stimulation; CLBP, chronic low back pain. 

 


